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ABSTRACT 



Wc present a renormalizable model of electroweak interactions containing an 
extra SU (2)'^;^ (g) SU (2)'^ symmetry. The masses of the corresponding gauge 
bosons and of the associated Higgs particles can be made heavy by tuning 
a convenient vacuum expectation value. According to the way in which the 
heavy mass limit is taken we obtain a previously considered non-linear model 
(degenerate BESS) which, in this limit, decouples giving rise to the Higgsless 
Standard Model (SM). Otherwise we can get a model which decouples giving 
the full SM. In this paper we argue that in the second limit the decoupling 
holds true also at the level of radiative corrections. Therefore the model 
discussed here is not distinguishable from the SM at low energy. Of course 
the two models differ deeply at higher energies. 



1 Introduction 



In a previous paper we have considered a model (degenerate BESS) of electroweak 
interactions describing, besides the usual W^, Z and 7 vector bosons, two new triplets of 
spin 1 particles, Vl and Vr. These new states are degenerate in mass if one neglects their 
mixing to the ordinary vector bosons. The description of the model was based on a non- 
linear gauged (j-model and we refer to for more details. The interest in the model was 
due to its decoupling properties: in the limit of infinite mass of the heavy vector bosons 
one gets back the SM. This is a rather non trivial property because one is dealing with a 
non-linear theory with couplings increasing with the heavy masses. In fact, the decoupling 
originates from an accidental global symmetry that the model possesses when the gauge 
couplings are turned off. This is also the symmetry from which the quasi- degeneracy of 
the heavy vector states arises. 

It is an interesting question by itself to ask if a linear version of the model does exist. 
The original philosophy underlying the non-linear version was based on the idea that the 
non-linear realization would be the low-energy description of some underlying dynamics 
giving rise to the breaking of the electroweak symmetry. In this respect looking for a 
linear realization might appear as based on a completely different standpoint. However 
we are thinking of a scenario very close to the one arising in non-commuting technicolor 
models 0, where one has an underlying strong dynamics producing heavy Higgs com- 
posite particles. In this sense we are trying to describe the theory at the level of its 
composite states, vectors (the new heavy bosons), and scalars (Higgs bosons). That is, 
we are looking at a scale in which the Higgs bosons are yet relevant degrees of freedom. 
The advantage of this is that of dealing with a renormalizable theory. By that one is 
able to discuss if the decoupling holds at the level of radiative corrections. We will argue 
that the linear realization of the model decouples, and consequently that the high-energy 
physics we are talking about is not relevant at the LEP scale. 

In the following we will describe the linearized version of the model showing that, at 
tree level, it coincides with the non-linear model of ref. We will then prove that, by 
diagonalizing the vector boson mass matrices and via a redefinition of the gauge couplings, 
all the couplings in the light and in the light-heavy sectors do not increase with the heavy 
masses. From this we can argue that the theory decouples also at the level of the radiative 
corrections. A detailed check of this point by means of an explicit calculation will be 
given in a more technical and complete paper 0|. We can therefore say that the model 
we present is identical to the standard model in its low energy manifestations, although 
at higher energies the differences can be rather dramatic [Q]. 
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2 The Model 



The model we consider here is based on a gauge group SU(2) l®U{1)® SU (2)^ ® SU (2)^ 
and has a scalar sector consisting of scalar fields belonging to the following representations 
of the group SU{2)l ® SU{2)r ® Sf/(2)'^ ® SU{2)'r 

Lg (2,0,2,0) t/G (2,2,0,0) ^G (0,2,0,2) (2.1) 

that is with transformation properties 

L' = gLLhL U' = gLUg\, R' = gnRhR (2.2) 

where 

gL G SU{2)l gR G SU{2)r 

hL G 5f/(2)'^ hR G 5f/(2)^ (2.3) 

We will see that with this system of scalar fields it is possible to break the gauge symme- 
tries through the following chain 

su{2)l ® u{i) ® su{2y^ ® su{2y^ 

^f/(2)^eak®f/(l)y (2.4) 

f/(l)cm 

The two breakings are induced by the expectation values (L) = {R) = u and {U) = v 
respectively. The first two expectation values make the breaking SU{2)l (8> S'f/(2)'^ —>■ 
S'f/(2)„eak and U{1) ® SU{2)'j^ f/(l)y, whereas the second breaks in the standard 
way SU (2)wcak ® U{1)y — ^ f/(l)cm- In the following we will assume that the first breaking 
corresponds to a scale u ^ v. This chain of breaking is reminiscent of the one conjectured 
in non-commuting extended technicolor theories (NCETC) 0, where one has 

Getc ® 5f/(2)iight ® U{1) 
if 

GtC ® 5f/(2)heavy ® 5f/(2)light ® U {1)y (2.5) 

Gtc ® 5f/(2)wcak ® U{1)y 

where Getc is the extended technicolor gauge group, and Gtc the technicolor one. If we 
make the following identifications SU(2)l = 5'f/(2)iight, SU(2)'i^ = 5'f/(2)hcavy, one can 
think of an extension of the NCETC schemes such as 

Getc^SU{2)l(E)U{1) 

i f (2.6) 
Gtc ® SU{2yL ® SU{2)l ® SU{2yj^ ® f/(l) 
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After the Getc has been broken the chain proceeds as in eq. (2.4). The original NCETC 

scheme has been here modified in order to allow for the gauge particles transforming under 
S'f/(2)'^, ensuring, together with the vector bosons from SU{2)'j^, the decoupling at low 
energy. 

Proceeding in a completely standard way, we can build up covariant derivatives with 
respect to the local SU{2)l ® U{1) ® 5?7(2)'^ ® SU{2y^ 

— * — * 

DL^dL + igo^ ■ WL - ig2L^ ■ Vl 
DR^dR + igJ^YR - ig^R^ ■ Vr 

DU^dU + igo^ ■ WU - tgiU^Y (2.7) 

where Vl (Vr) are the gauge fields in SU{2)'j^ (5'C/(2)'^), with the corresponding gauge 
couplings g2.i and g^, whereas go, gi, are the gauge couplings of the SU{2)l and U{1) 
gauge groups respectively. 

This model contains, besides the standard Higgs sector given by the field U, the 
additional scalar fields L and R. 

The lagrangian for the kinetic terms of these scalar fields is given by 

1 



^ 4 



Tr{D^U)\D^'U) + Tr{D^L)\D^'L) + TriDi^R^iD^^R) (2.8) 



We have then to discuss the scalar potential which is supposed to break the original 
symmetry down to the f/(l)em group. The most general potential invariant with respect 
to the group SU{2)l ® SU{2)r ® 5^7(2)'^ 5t/(2)^ is given by 

V{U, L, R) = fxjTriDL) + ^[TriDL)]^ + filTriR^R) + ^[TriR^R)]^ 
+m^Tr{U^U) + ^[Tr{U^U)]^ + ^Tr{DL)Tr{R^R) 
+^Tr{DL)Tr{U^U) + ^Tr{R^ R)Tr{U^U) (2.9) 

In the following we will also require, for the scalar potential, the discrete symmetry 
L <-> i?, which implies 



^3 


= 92 
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= /2 


= / 



(2.10) 
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The total lagrangian is obtained by adding the kinetic terms for the gauge fields: 



L = &- V{U, L, R) + C'^'^iW, Y, Vl, Vr) (2.11) 

where 

Y, Vl, Vn) = ^tr[F^,(iy)F^^(iy)] + hT[F,,{Y)F^%Y)] 

+ ^tT[F,,{VL)F^''{VL)] + ltT[F,,{VR)F^''{Vn)] (2.12) 

Notice that, when neglecting the gauge interactions, the lagrangian is invariant under an 
extended symmetry corresponding to {SU{2)l ® SU{2)ii)^. In fact, in this case, we are 
free to change any of the fields U, L, R hj an independent transformation of a group 
SU{2)l ® SU{2)ii As far as the fermions are concerned they transform as in the SM 
with respect to the group SU{2)l ® U{1). 



3 The scalar potential 

Let us parameterize the fields as 

L = plL R = prR U = PuU (3.1) 

with L^L = /, R^R = I and WU = L 

The scalar potential after these transformations can be rewritten as 

V{pu,Pl,Pr) = 2p\pl + pl) + X{pi + p%) + 2m^pl + hptj 

+ 2fsplpl + 2fpUpl + pl) (3.2) 

To study the minimum conditions, let us consider the first derivatives of the potential 

dV 



dpL 

dV 
dp 



R 



^PLip' + Xpl + hpl + fpl) (3.3) 
"^PRip' + ^pl + hpl + fpD (3.4) 



^ = Apuim' + hpl + /(pi + pD) (3.5) 
opu 

By considering the vacuum expectation values < pu >= v and < pi >=< pn >= u, 
the minimum conditions are 

p' + ih + + fv' = Q (3.6) 



+ 2fu'^ + hv'^^0 (3.7) 
from which we get the following solutions 

„^ = _ + A _ ££!)-. (3.9) 



By considering the second derivatives of the potential we can get the mass matrix for 
the three Higgs particles 

/ Am^ /sM^ fuv' 
8 fsu^ Xu"^ fuv I (3.10) 
fuv fuv hv^ 

The mass eigenvalues are 



mi = A[{fs + X)u' + hv'-^8u'v'f + {{fs + Xy-hv') 

ml = 8At^'(l-^) 
A 



mi = 4[{fs + Xy + hv' + ^8u'v'f + {{fs + Xy-hvy] (3.11) 

Let us comment on the limitations on the parameters coming from the study of the posi- 
tivity of the eigenvalues. Adding the requirement of > 0, > 0, with the hypothesis 
m^, < together with X,h>0 for the boundedness of the potential, we finally get 

A - /3 > 0, h>f— (3.12) 

and ^ 

A + /3>2/^ forf>Oor (3.13) 

A + /3>2^ forf<Q (3.14) 

The limit we will be interested in the following is m — > oo with v fixed. To define the 
limit one has to look carefully at the minimum conditions (3.6), (3.7). It follows from 
these equations that at least and fi^ must behave hke u"^. Then, in order to keep 
v'^ finite, if follows from eq. (3.8) that one has also to send /i — > cx), unless there is a 
cancellation between the leading behaviours of and /i^ with u'^. We can translate this 
reasoning in formal terms by requiring that for m — > cxo 



u 



2 



Ijl ^ au , m ^ bu , /i — > c— (3.15) 



y2 
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The minimum conditions (3.6), (3.7) give the following relations at the leading order 



a = -{h + X) b + c=-2f (3.16) 

We can eventually require that h goes like a constant for u ^ oo, by putting c = at 
the end of our calculations. Notice that in this case one has to require / > 0. We can 
now evaluate the leading behaviour of the potential V in terms of the displaced fields 
Pl ^ Pl + u, Pr —>■ Pr + u, pu ^ Pu + V. By neglecting a term independent of the fields 
we get foTu^oo 

V AXu'ipl + pI) + Shu^pLPR + ^cu\pI + -pI + -^^ptj) (3.17) 

In this limit we can neglect the kinetic term, and the classical equations of motion are 
given by 

(3.18) 

OpL opR dpu 

that is 

PL=PR = (3.19) 

and 

puipl + 3vpu + 2v'') = (3.20) 

The last equation has solutions pu = 0, —v, —2v. The values pu = 0, —2v correspond to 
two degenerate minima, whereas pu = —v is a maximum of the potential. However the 
solution Pu = —2v is not a physical one because it corresponds to a negative value of the 
original unshifted field, which by hypothesis is positive definite. Therefore the classical 
solution is pc/ = 0. We see that in the case c 7^ 0, the limiting procedure is equivalent 
to set the fields pu, pr and pu at their minimum. The potential V{pl, Pr, Pu) is just a 
constant, whereas the kinetic term in (2.8) becomes 



.2 



Tr{D^U)\D^'U) + u^Tr{D^,L)\D^'L) + u^Tr{D^R)\D^'R)\ (3.21) 



In this limit, and at tree level (we are considering the classical solutions), the linear model 
described by the lagrangian (2.8) coincides with the non-linear one discussed in ref [jl]], 
after identification of the gauge coupling constants 



9" 

9o = 9, 9i= 9 , ^2 = ^ (3.22) 



and of the parameter 

1 u 



a, = (3.23) 
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The limit m ^ cxd is equivalent to 02 ^ cxd. In this limit we have shown that the heavy 
vector fields Vl and Vr decouple and that the non-linear model reduces to the Higgsless 
standard model, after the following redefinition of the gauge couplings 
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^7" 







(3.24) 



or, in the present notations 
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1 
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? 




+ 
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1 
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" 7i 


+ 


7 



(3.25) 



In this form of the limit it is difficult to argue about the radiative corrections because 
the self-coupling of pu is increasing with u. The situation is different when h is finite, 
that is c = 0. In fact, we see from eq. (3.17) that whereas and pr are set to their 
minimum, the field pu drops out from the leading term in the potential, and therefore 
it is not determined. So, after setting pi and pr to their minimum we get an extension 
of the non- linear model of ref. [|I|, in which the extra-field pu appears. The potential 
V{Pl, Pr, Pu) coincides with the Higgs field potential in the standard model, and £^ 
becomes the standard model Higgs kinetic term supplemented by the non-linear pieces in 
the fields L and R. Therefore, in this case, the limit u ^ 00 gives the standard model 
with a Higgs field light with respect to the scale u. 

In this paper we are interested in showing that the linear model, presented here, satis- 
fies our decoupling requirement also at the level of radiative corrections, and consequently 
we shall consider the limit u 00 with c = (that is the self-coupling h fixed). 

At the lowest order in this expansion we get for the Higgs masses 



ml ~ 8u\X~f,) 

ml ~ 8m2(A + /3) (3.26) 



4 Gauge vector boson spectrum and interactions 



The vector boson mass spectrum can be studied in the unitary gauge U = L = R = I hy 
shifting the scalar fields as pu ^ pu + v, pl,r Pl,r + u- We get 
1 
2 



{d.pL? + {d.PRf + {d.puf 
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+ \{{PL + uf[gl{Wl + 2W+W-) - 2gog^{W^V^L + W-V^ + W+V^ ) 

+ {pu + vf[gl{Wl + 2W+W-)-2g,g^W:,Y + glY^]} (4.1) 

In ref. [IH we have studied the mass matrices of the vector bosons in the hmit of small 
g/ g" 1 for fixed mass eigenvalues. Here we are rather interested in the mass matrices for 
large mass eigenvalues of Vl,r-, at fixed g/g" . We will give here only some results of the 
diagonalization (see for more details). First of all, it turns out to be convenient to 
re-express the results in terms of the parameters g and g' defined in equation (3.25). In 
fact, as we have said, these are the relevant parameters in the limit u oo. It is also 
convenient to introduce the angle y?, such that 

^ ^ . (4.2) 



in terms of which 



and 



9, = - (4.3) 



where 



and 



^ = ^^tan^~=^ (4.4) 
9a 9 ^ 

tane = - (4.5) 



P = cl- sy, (4.6) 



The mass eigenvalues of the vector bosons are the following: 
Charged sector 

The fields are unmixed and their mass is given by 

Mj. = \glu' ^ (4.7) 

The absence of mixing terms is a consequence of the invariance of the lagrangian under 
the phase transformation — > exp(±ia)V^. It will be also convenient to introduce the 
parameter 

1 g^f ^ v"^ q'^ , ^ 

r = = — — (AS) 

4 M2 gl ^ ' 
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which goes to zero for u — > oo. The remaining two eigenvalues, in the hmit of small r are 
(we keep the same notation W^, also for the mass eigenvectors) 

M^± = jg\l-rsl + ---) 

= "^9\-\+'^ + rsl + ...) (4.9) 

Notice that for r — > 0, M^± coincides with the standard model expression for the W 

mass. 

Neutral sector 

In this sector there is a null eigenvector corresponding to the photon: 

7 = {seW^ + CgY) cos^ + -^{V^l + V^r) sin^ (4.10) 

where 

tanV' = V^S2^ = v^^df= (4.11) 
'92 ^1 - 2slsl 

The remaining eigenvalues are, again in the limit of small r, 

ii2 ^2 1 „4 2 4 2 8 

^2 _ V 9 S^Sq S^Sg 

Only for small (/? the heavy vectors are degenerate in mass. 

Let us now verify that there are no couplings which increase with u in the light and 
in the heavy-light sectors of JC^. Prom eq. (4.1), using the new couplings defined in eq. 
(3.25) and the diagonalized vector fields, we get for the hght sector of the Higgs- vector 
interactions at the leading order in r an expression which coincides with the analogous 
one in the standard model 

^(pl + 2puv){W+W- + ^ 



Aight = Wu + 2puv){W+W- + —^Z') (4.13) 



and for the heavy-light sector 

^heavy-light = ^^{pI + 2puv)[- i^T. ^iW+Vi; + W'V^ + ^ZV,^) 



+ tan> y+y^- + ^^^Z^ad (4.14) 

V-r 



We will now consider the couplings of the vector bosons to the fermions. We assume 
that the fermions have standard transformation properties under the group SU{2)l 
U{1)y, and therefore the couplings to the heavy mesons arise only through the mixing: 
Charged sector : At the first order in r the couplings are given by 

>CfemSons = -{awW' + aLVLf,)Jr + h.C. (4.15) 

with 

<^w = ^il-slr) (4.16) 

aL = --^(l + 4r)tan(^ (4.17) 

and = ipL^y^T^tpL. Notice that there is no coupling of to fermions, because these 
particles do not mix with the W^^s. Also, for r = the couplings of to the fermions 
coincide with the standard ones. 

Neutral sector : The couphngs are defined by the expression 

'^fermions — ~^Jernl — [AJ^L + BJem]^ 

-[CJsL + DJ,^]V^L - [EJ^L + FJeJ^SR (4.18) 



with 
and 



e = gse (4.19) 



2 4 

C = A(_tan(^ce + ;^^^^r) 



2 

_ g CipSipSgCff 



ceWP ce{l-2cl) 



The expression for the electric charge is valid to all order in r, while the other coeffi- 
cients in (4.20) are given only at first order in r. In particular the couplings to the Z go 
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back to their standard model values for r — > 0. Again, there are no couplings increasing 
when r — > 0, both in the charged and in the neutral sector. 

Finally we have to examine the gauge boson self-couplings. Let us define the following 
formal combination 

AB-C+ = A^^B^C;^ + A%B-^^C^+ - B^^C^ (4-21) 

where 

A"^ = d^A" - d'^A" (4.22) 

and similar expression for B"^^. Then the trilinear gauge boson couplings in terms of the 
original fields are given by 

C = i[goW3W-W+ + g2V3LVrV+ + g2V3RV^V+] (4.23) 

Using the redefinition of the couplings and the expressions for the mass eigenstates, we 
find, again at the first order in r, for the light sector 

Aight = ig[se-fW~W+ + ceZW-W^] (4.24) 
and for the heavy-light sector 

>Cheavy-iight = ig[sei{Vi;V^ + V^V+) + {ce + r-{2cl - l))ZVi:V^ 

ce 

+ c^s^-iZW-V^ + ZV^W^) - ^(1 + r\p)ZVj,Vjl 
Ce Ce c} 

+ (1 - r(l - 2cI)){V^lW-V+ + V^lVlW^) + tc^s^V^lW-W^ 



'ce{l-2cj) 



+ r^^^^VsRW-W+] (4.25) 
The quadrilinear couplings are obtained starting from 

+:^V^^V^M,Vr^ + VsR^VsR^)] (4.26) 
with S^i^pa- = 2gni,gp^ — g^pg^a — gp,a9vp- 
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At the lowest order in r one gets for the hght part (in this case the corrections are of 
the order r^) 



+2ceSeipZ„ + 527^7,)] (4.27) 
and for the heavy-hght part (here the corrections are of order r) 



+2ceV^LpZ„ + 2seV^Lpla)) 



+V^,V^X-,ZpZ„ - 2'\z, + shpl. 

Cq Cg 

-2^^{sgV3RpZ^ - ceVsRpj^)] (4.28) 

SipCg 

Both the trihnear and quadrihnear hght parts of the lagrangian agree with the standard 
model results, and the heavy-light sectors do not show any coupling increasing with the 
heavy mass M. 



5 Conclusions 

In this work we have formulated a renormalizable model which can be suitable to describe 
at some intermediate energy a scenario of the kind considered in the non-commuting 
extended technicolor schemes. The gauge symmetries of the model are an extension of 
the SM symmetries by an extra SU{2)'j^ ® SU{2)'^ factor. In the limit in which the 
expectation value of the Higgs fields related to the new symmetries gets very large, one 
recovers a previously considered non-linear model The main property of the non-linear 
model was its decoupling for large values of the masses of the gauge bosons associated to 
the extra-symmetry factors, in spite of its non-linearity. The masses of the fields Vl and 
Vr go to infinity together with the expectation values of the related the Higgs fields, and 
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therefore one recovers in this hmit the non-hnear reahzation of the standard model, or 
the Higgsless standard model. 

In the present paper we have also considered a slight modification of this limiting 
procedure which allows to the normal Higgs field (the one associated to the global sym- 
metry SU{2)l ® SU{2)ji) to remain light (with respect to the heavy scale). We can then 
decompose the lagrangian into three pieces: the light sector, involving the SM fields in- 
cluding the hght Higgs, the heavy-hght and the heavy sectors. The light sector part of 
the lagrangian is identical to the lagrangian of the SM, and the heavy-light part does not 
contain coupling increasing with the heavy scale. Having isolated all the big parameters 
in the heavy part, one can conclude that at tree level there is decoupling (this has been 
shown explicitly for the case of the non-linear model in ref. Furthermore, by the 

arguments leading to the Appelquist-Carazzone |Q theorem, one can argue that the de- 
coupling must hold also at the level of the radiative corrections. An explicit proof of this 
statement will be given in a more technical paper As a consequence, in the low-energy 
region the model cannot be distinguished by the SM. However, as shown in the case of 
the non-linear model ^ , when approaching the threshold for the production of the heavy 
vector states it is possible to have big deviations, and more spectacular effects after the 
threshold. 
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